INTRODUCTION
Nitrous oxide (N 2 O) is an active greenhouse gas with high environmental impact due to its strong global warming potential (320 times greater than CO 2 ; Wrage et al. 2004) . As the atmospheric concentration of N 2 O has increased by 15% since pre-industrial times, stabilization at the current level of 311 to 313 ppb would require a reduction in anthropogenic emissions of more than 50% (Houghton et al. 1996) . In the stratosphere, N 2 O reacts with oxygen to form nitric oxide (NO), which plays a role in destruction of the ozone layer (Crutzen 1981) . N 2 O production by aquatic environments represents 35% of the total N 2 O emission sources, and the anthropized continental aquatic environments contribute to 10% of these total emissions (Seitzinger 2000) .
Denitrification and chemolithotrophic nitrification appear to be the main biological sources of N 2 O emission. Denitrifying bacteria are involved in the production of gaseous oxidized compounds in environments such as soils, sediment, anoxic waters and sewage sludge. Ammonia oxidation by autotrophic bacteria (ammonia oxidizing bacteria, AOB) can also produce , in a section greatly affected by effluents from the Achères Wastewater treatment plant (WWTP). Because water column denitrification is weak in this sector, we hypothesized that N 2 O could be produced by the nitrifier-denitrification process. To understand the controls of N 2 O emission, nitrifying bacterial cultures were grown from Seine river water (in batches and continuous flow experiments). The population diversity of ammonia oxidizing bacteria (AOB) in these experiments was determined by denaturing gradient gel electrophoresis (DGGE) and found to be similar to those naturally present in the Seine. We determined nitrification kinetics of the 2 functional bacteria populations (AOB and nitrite oxidizing bacteria [NOB] ). During nitrifying batch and continuous flow experiments, the N 2 O production kinetics were examined under contrasted conditions. We tested the effect of dissolved oxygen, ammonia and nitrite concentrations on the N 2 O production rate. To our knowledge, this is the first study determining the optimal concentrations of O 2 , NH 4 + and NO 2 -that will lead to maximum N 2 O production by nitrifier-denitrification of mixed nitrifying bacteria populations from natural freshwater. We tested a range of oxygen concentrations and observed a peak in N 2 O emission within the narrow range from 1.1 to 1.5 mg O 2 l -1 . We plotted the N 2 O production as a function of ammonium and nitrite concentrations under optimal dissolved oxygen conditions. The results followed the hyperbolic Michaëlis-Menten type curves, and kinetics parameters (V max and K s ) were determined. The maximum N 2 O production rate (V max ) was estimated at 8 to 9 µg N-N 2 O mg C biomass -1 h -1
. The halfsaturation constants of nitrifier-denitrification were K s = 1.5 to 3 mg N-NH 4 + l -1 for ammonium, and K s = 1 to 4 mg N-NO 2 -l -1 for nitrite.
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Resale or republication not permitted without written consent of the publisher N 2 O either as a by-product of aerobic nitrification or through nitrifier-denitrification. As a by-product of nitrification, N 2 O can be formed during the spontaneous decomposition of intermediates in ammonia oxidation (e.g. hydroxylamine, NH 2 OH), but is essentially issued from nitrifier-denitrification (i.e. ammonia oxidation to nitrite NO 2 -followed by reduction to molecular nitrogen N 2 and N 2 O) in oxygen-depleted environments (Poth & Focht 1985 , Wrage et al. 2001 . Studies describing N 2 O emissions from nitrification are still scarce in natural aquatic environments, but Svensson et al. (2001) demonstrated that nitrification may be the major source of N 2 O in bioturbated lake sediments, and Bonin et al. (2002) and Dong et al. (2002) demonstrated that nitrification can significantly contribute to N 2 O emission in the maximum turbidity zone of estuaries.
Since 1997, we have studied N 2 O emission in the lower Seine river from Paris to the estuary, and an overall N 2 O emission budget has recently been estimated (Garnier et al. in press) . This stretch of the river is greatly affected by effluents from the Achères Wastewater Treatment Plant (WWTP) that contribute to oxygen depletion of the water column, first by the activity of heterotrophic bacteria immediately downstream of the effluent discharge, and then by autotrophic nitrification in the estuary (Garnier et al. 2001) . Negligible denitrification in the water column (Sébilo et al. in press) and high nitrification , Garnier et al. 2001 , Cébron et al. 2003 provided the justification to focus our research on N 2 O emissions from nitrification.
Nitrifier-denitrification has been investigated since 1972 when Ritchie & Nicholas (1972) performed isotopic 15 N experiments on pure cultures of AOB Nitrosomonas europaea; Poth & Focht (1985) also demonstrated this process with N. europaea cultures, but only under anoxic stress conditions. Most previous studies have used pure culture strains, including N. europaea, N. eutropha or Nitrosospira briensis (Kester et al. 1997 , Wrage et al. 2004 , and investigations on natural populations are scarce and confined to soils (Hutchinson et al. 1993) or sewage sludge (Muller et al. 1995) .
Previous work on the lower Seine river showed that species used for the pure culture studies cited above are not well represented in the natural AOB community, which is instead dominated by Nitrosomonas oligotropha and N. ureae-like bacteria belonging to Cluster 6a of β-Proteobacteria (Cébron et al. 2003 (Cébron et al. , 2004 . To our knowledge, information on kinetic parameters and N 2 O production by this bacterial cluster does not exist, and kinetic parameters can vary greatly among bacteria that are phylogenetically similar.
Our objective was to experimentally determine the kinetics of nitrification and nitrifier-denitrification N 2 O production using a mixed bacterial community from the Seine river water, dominated by Nitrosomonas oligotropha-and N. ureae-like ammonia oxidizers (Cébron et al. 2004) , in order to document the process of nitrifier-denitrification and to determine critical controls and process rates. A second objective was to determine the effect of low oxygen pressure and substrate concentrations (ammonia and nitrite) on N 2 O production by nitrifier-denitrification, which has not been previously studied with mixed freshwater natural populations.
Further, we proposed mathematical functions for the different steps of the nitrification process -e.g. ammonium oxidation, nitrite oxidation and N 2 O emissionsin order to provide kinetics formulae and parameter values that could be included in further modelling approaches devoted to simulating the emission of greenhouse gas.
MATERIALS AND METHODS
Sampling station description. The Seine river is greatly affected by the discharge of effluents from the Achères WWTP, 70 km downstream from Paris. The WWTP effluents contain high quantities of ammonia (around 30 mg N-NH 4 l -1 ), which is oxidized into nitrite and nitrate in the lower Seine river and the upstream freshwater estuary via the nitrifying process , Cébron et al. 2003 .
Water was collected from the Duclair station, 278 km downstream from Paris, in the freshwater part of the upstream estuary, where potential nitrification is the highest and is often accompanied by strong oxygen depletion , Garnier et al. 2001 , Cébron et al. 2003 . Samples were collected at different times throughout 2002 and 2003, but invariably during periods characterised by low water levels (from May to September) when the water temperature was above 17°C. This water from the Seine freshwater estuary was used for batch and chemostat culture experiments.
Batch culture experiments. Seven different 10 l batch cultures of Seine river nitrifying bacterial populations were set up with water from the Duclair station, to which NH 4 Cl was added (30 mg N-NH 4 + l -1 , followed by 1 or 2 further additions of NH 4 Cl when ammonium was completely depleted) (Fig. 1a) . According to in situ concentrations, initial water composition of N-NH 4 + and N-NO 3 -varies among batch experiments (from 0.1 to 0.9 mg N-NH 4 + l -1 and from 6.5 to 12.7 mg N-NO 3 -l -1 ); however, the AOB diversity of the Seine river was similar throughout low water conditions (Cébron et al. 2004 ). The cultures were run for 2 to 3 wk under constant shaking. Constant dissolved oxygen concentra-tion (7 to 8 mg l -1 ) was measured continuously with an oxymeter and was maintained by a pump supplying air. pH was adjusted to between 7.5 and 8.0 by addition of phosphate buffer (K 2 HPO 4 /KH 2 PO 4 ). Nitrifying activity was checked by daily measurement of ammonia, nitrite and nitrate concentrations (see below). The 7 batch cultures were used for testing the effect of ammonium and nitrite on N 2 O production under conditions of oxic stress (see 'Effect of substrate concentration on N 2 O production in batch culture' below). Four other batches were set up to serve as initial cultures for the chemostat experiment.
Continuous culture experiments. On 4 occasions, 5 l of the above batch cultures were used to start a chemostat experiment. After a maximum of 2 wk under batch conditions, the nitrifying culture was used to start the continuous culture for 3 to 4 wk, until a typical steady state was reached in the chemostat (Fig. 1b) . Dissolved mineral nitrogen concentrations were monitored daily (Fig. 1b) .
The chemostat was continuously supplied with ammonium-enriched (25 to 30 mg N-NH 4 + l -1 ) sterilized Seine river water at a constant rate of 1 l d -1 with a peristaltic pump. The working volume of the chemostat was kept constant (2 l) by evacuation of an equal discharge of the culture; residence time in the chemostat was therefore 2 d. The feed water was also collected from Duclair station. Feed water with an ammonia concentration similar to that of the treated effluent from the Achères WWTP was selected, in order to reproduce in situ conditions (i.e. input of ammonium by WWTP effluents into the Seine river). The feed water was phosphate buffered (K 2 HPO 4 / KH 2 PO 4 ; 0.5 mM final concentration, pH 7.5 to 8) and had a nitrate concentration of between 5 and 8 mg N l -1
. Both chemostat and feed-tank waters were magnetically stirred to maintain the particulate matter in suspension. The dissolved oxygen concentration, controlled with a combination of air pump and nitrogen gas bottle (N 2 ), was maintained at 7.5 to 8 mg l -1 . When the nitrifying activity reached steady state (for at least 100 h), different oxic stress conditions were imposed to study the nitrifier-denitrification (see 'Oxic stress and N 2 O production in continuous culture experiments' below).
Water analyses. Variability of DIN (dissolved inorganic nitrogen) was analysed daily on 20 ml of the batch culture and chemostat water. Water was filtered (glass-fiber membrane, Whatman, GF/F) and frozen until analysis. Ammonium, nitrite and nitrate were determined spectrophotometrically; ammonium and nitrite after Rodier (1984) , who proposed a Cd reduction of nitrate to nitrite.
For molecular biological analysis, 150 to 250 ml of water (depending on the amount of suspended particulate matter [SPM]) was filtered through 0.22 µm nitrocellulose filters (Durapore, diameter = 45 mm) in triplicate, and the filters were frozen (-20°C) prior to DNA extraction. Samples for DNA analysis were taken about once a week during one of the batch-continuous culture experiments.
Molecular study of the ammonia oxidizing population. DNA was extracted from the filters (see above), collected from one batch-chemostat experiment, by a bead-beating method using the FastDNA spin kit for soil (Bio 101) and purified on a Sephadex G-200 column. Nucleic acids were quantified as described by Cébron et al. (2004) . All PCRs were conducted with CTO189F-654R primers after Kowalchuk et al. (1998) as described in Cébron et al. (2004) , which allowed amplification of partial 16S rDNA sequences (465 bp) from β-subclass AOB. A nested PCR was run with the PCR products obtained from CTO primers as matrix DNA with a second primer-set, allowing the amplification of an internal fragment of 196 bp (Muyzer et al. 1993) . PCR products (465 and 196 bp products) were loaded for DGGE (denaturing gradient gel electrophoresis) on polyacrylamide denaturant gels (gradient ranging from 30 to 55%) according to Muyzer et al. (1993) and modified by Kowalchuk et al. (1998) , under conditions used by Cébron et al. (2004) . The DNA was stained with ethidium bromide and visualised by UV transillumination (Gel Doc 200, BioRad) . Digital images of the gels were obtained with a CCD camera controlled by Quantity One software (BioRad). The DGGE bands were excised, re-amplified to confirm their purity, and sequenced for phylogenetic analyses (Clustal X, PHYLIP 3.5 package) (Cébron et al. 2004) . The AOB present in the batch and chemostat were thus identified. The sequences determined in this study were deposited in the GenBank database under accession numbers AY648571 to AY648575.
Measurement of N 2 O production. N 2 O production was determined from samples taken from (1) batch cultures at the beginning of the stationary phase and (2) from continuous cultures at steady state. After 3 h of oxic stress, three 100 ml glass serum vials were filled without shaking and without the inclusion of air bubbles, closed with a rubber cap and sealed (Fig. 2) . The bacterial activity in one of the vials was immediately stopped with HgCl 2 (0.5% final concentration) by injection with a syringe and needle to determine the initial N 2 O concentration (Fig. 2) . A 2nd flask was poisoned after 30 min and a 3rd after 60 or 90 min (Fig. 2) , during which time the oxygen concentration in the vial remained constant (± 0.05 mg O 2 l -1 , checked for 1 experiment). Dissolved N 2 O was measured in triplicate by gas chromatography with electron capture detection. N 2 O production (in µg N l -1 h -1
) was determined as the slope of the regression of concentrations against time (Fig. 2) , and then expressed per AOB biomass unit. N 2 O production was measured at various oxygen levels, ammonia and nitrite treatment concen- Oxic stress and N 2 O production in continuous culture experiments. Each of the 4 continuous cultures was subjected to 1, 2, 4 and 6 different oxic stress conditions, respectively (i.e. an abrupt decrease in dissolved oxygen to a chosen concentration, see Table 1 ). As mentioned above, the 3 samples for determining N 2 O production were taken after 3 h of oxic stress (see Fig. 2 ). Between each test of oxic stress, oxygen was readjusted to 7.5 mg l -1 in the continuous culture for at least 45 h. Among the 4 continuous culture experiments, a wide range of oxic stress conditions was covered (0.25 to 4.5 mg l -1 , Table 1 ); some similar oxygen conditions were tested several times so that the reproductibility of the results could be assessed. This allowed us to determine the dissolved oxygen concentration favorable for maximal N 2 O production. In each of the continuous culture experiments, N 2 O production at high oxygenation (7.5 mg l -1 ) was determined using the same protocol. Moreover, under 3 different oxic stress conditions (0.8, 1.1 and 2.5 mg O 2 l -1 ), N 2 O production was measured with or without a specific nitrification inhibitor in order to confirm that it was really produced by the nitrifier-denitrification activity of AOB (see Fig. 2 ). Allylthiourea (10 mg l -1 final concentration) was used as an inhibitor: this substance affects the nitrification by chelation of copper at the catalytic site of the ammonium mono-oxygenase enzyme.
Effect of substrate concentration on N 2 O production in batch culture. The 7 batch cultures were run until ammonium (2 to 3 additions) and nitrite were fully oxidized (stationary phase). Each of these batch cultures was then divided into a number of smaller batches of 1.5 l (from 2 to 6) supplied in parallel with a combination of air and N 2 , in which different substrate concentrations were tested (Fig. 1a, Table 2 ). In order to test the effect of nitrite concentrations on the N 2 O production rate, ammonium concentration was added to nonlimiting concentration from 19.9 to 27.9 mg N-NH 4 l Table 2 ). Conversely, in order to test the effect of ammonium concentration on N 2 O production rate, nitrite was added to a final concentration of 3.18 to 4.3 mg N-NO 2 l -1 , whereas ammonia was added in a range from 0.08 to 16.90 mg N-NH 4 + l -1 (12 different ammonium concentrations tested, see Table 2 ). We also tested the effect of simultaneous low concentrations of the 2 substrates on the rate of N 2 O production (Batch no. 1, see Table 2 ).
One hour after substrate addition, batches were subjected to oxic stress by reducing oxygen to 1.25 mg l -1 for 3 h, after which three 100 ml samples were taken for determining N 2 O production (see above). Again, the N 2 O production was measured in batch culture experiments under high oxygen conditions (7.5 mg l -1 ) under 4 different substrate conditions (Batch no. 7, see Table 2 ).
Modeling bacterial growth and activity in culture. In closed batch culture, nitrifiers grew until ammonium and nitrite were exhausted. In continuous culture, microorganisms grew on ammonium and nitrite with constant inflow of ammonium. The outflow was a blend of nutrients and microorganisms. Assuming a stable bacterial composition among all experiments, the observed variations of substrate and product concentrations can be modelled using constant kinetic parameters. We applied the classical conceptual schema of 2 steps: (1) ammonium (NH 4 ) oxidation to nitrite (NO 2 ) by AOB, and (2) nitrite oxidation to nitrate (NO 3 ) by nitrite oxidizing bacteria (NOB), using parameter ranges determined by Brion & Billen (1998) (Table 3) .
For both batch and continuous cultures, the following differential equations were formulated:
where µ maxAOB and µ maxNOB are the maximum growth rates (h ) for AOB, K NO 2 and K' O 2 are the half-saturation constant for nitrite and oxygen for NOB, kd is an adjusted first order bacterial mortality constant, Q is the flow rate, and V the culture volume. Q is 0 in batch culture. NH 4°a nd NO 2°a re ammonium and nitrite concentrations in the feed water, and NH 4 and NO 2 are the concentrations in the culture. These equations were used to model the nitrifying activities in batch and continuous cultures. The ammonia and nitrite oxidizer biomasses, BMa and BMn, respectively, were then deduced from these results.
N 2 O production formulation. We hypothesized that N 2 O produced during nitrifier-denitrification process results from the oxidation of NH 4 by AOB, using NO 2 -as an alternative electron acceptor at low oxygen concentrations. It was therefore logical to represent the kinetics of the processes according to the following relationship:
where V maxN 2 O is the specific rate of N 2 O production (mg N mg C -1 ), and K ' NH4 and K ' NO 2 are the halfsaturation constants for ammonium oxidation to N 2 O with respect to ammonium and nitrite, respectively.
RESULTS

Nitrification in batch and continuous culture experiments
Batch experiments
An example of representative DIN variations in one of the batch experiments is shown in Fig. 3 , where high oxygenation (7.5 to 8 mg O 2 l ) led to complete consumption of the ammonium accompanied by nitrite and nitrate production. During the experiment, extra ammonium was added on 3 occasions when ammonium was depleted (at the start of the experiment and after 140 and 190 h). For the first 50 h, the culture followed a lag-phase with little DIN variation. Complete consumption of the ammonia, accompanied by nitrite and nitrate production, was observed throughout the next 100 h. After less than 2 wk in batch, the nitrifying culture was subsequently used as a starting culture for chemostat experiments or divided into smaller batches (1.5 l) for studies of N 2 O production in a range of ammonium and nitrite concentrations (cf. Fig. 1a , Table 2 ).
Continuous culture experiment
The starting conditions of the continuous culture experiment were the final conditions of the corresponding batch culture (see Fig. 3 ). The variations in DIN concentration in this example of continuous culture were similar to those observed for the 3 other continuous culture experiments, and 3 stages were identified ( Fig. 3): (1) During the first 100 h in chemostat (see Fig. 3 , from time 250 to 350 h), we observed a dilution by the inflowing feed water that contained (among the 4 experiments) between 25.5 and 29.2 mg N-NH 4 + l -1
, and between 6.5 and 12.7 mg N-NO 3 -l -1 , depending on the initial Seine water sample (Fig. 3 , Table 1 ). (2) Between 350 and 500 h, nitrifying activity began again as indicated by ammonia consumption and nitrate production. The nitrite concentration either decreased or remained low. (3) At around 500 h, a steady state was reached, with relatively constant nitrifying activity (Fig. 3, Table 1 ) and ammonium and nitrate concentrations at equilibrium (Table 1) . After a minimum of 100 h of steady state, culture was submitted to multiple oxic stresses.
Modeling the dynamics of nitrifying bacteria in batch and continuous cultures
Using the equations given in 'Materials and methods', and values for growth yield Y (0.08 and 0.02 mg C mg N -1 for AOB and NOB, respectively) (Table 3) , we accurately simulated the time course of both batch and continuous cultures (Fig. 3) . A set of parameter values was adjusted (Table 3) so that simulations could fit the experimental values. For the batch cultures we adjusted the bacterial mortality rate to 0.001 h -1 in the presence of high substrate concentration, but we had to increase it 10 times during periods of low substrate concentration in order to account for the observation of a rapid loss of activity after substrate depletion.
With these simulations, we were able to estimate AOB biomass at the end of batch culture (nitrifying biomass varied from 0.37 to 0.53 mg C l -1 ) and during the steady state of continuous cultures (Fig. 3, Table 1 ). Results were then expressed in units of bacterial biomass in order to compare among various experiments.
The range of parameter values found here for mixed natural populations (Table 1) is relatively close to the Table 1 Table 3 ).
AOB population diversity
It is worth noting that the structure of AOB populations in the lower Seine river is relatively constant throughout the summer period and from year to year (Cébron et al. 2004 ). We studied changes in the diversity of populations of AOB in the batch and continuous cultures, using DGGE analyses to compare experimental results with in situ diversities investigated by Cébron et al. (2004) . We show here only the results from nested PCR, as DGGE bands obtained from PCR products generated by the CTO primer set were not well defined. DGGE profiles obtained from nested PCR (Fig. 4a ) represent populations present at the beginning and the end of the batch culture in lanes 1 and 2, respectively, while lanes 3 to 6 represent populations present during the continuous culture (cf. sampling times shown in Fig. 3 ). The bands recovered in this study were the same as those found in the natural environment (Cébron et al. 2004) . We have already demonstrated that phylogenetic analysis of these small length fragments (196 bp) gives results comparable to those obtained from 465 bp fragment analysis (Cébron et al. 2004) .
During the batch experiment the bacterial populations showed only slight changes in composition (Fig. 4) . At the beginning of the batch culture, the community was composed of 2 major AOBs represented by bands Chem3-b30-A and Chem3-b34-B (sequencing revealed that band Chem3-b40-D is not an AOB species; Cébron et al. 2004) . These 2 bacteria are affiliated to the Nitrosomonas oligotropha and N. ureae-like bacteria, belonging to Cluster 6a of β-Proteobacteria (Fig. 4b) . The same bacteria were still present at the end of the nitrifying batch culture (after more than 200 h), but by then the Chem3-b30-A band had appeared as the dominant bacteria. The non-AOB species disappeared, confirming selection for nitrifying bacteria.
During the continuous culture, the AOB population diversified, with an increase from 2 to 4 unique bands within 600 h. Bands Chem3-b30-A and Chem3-b34-B remained, but 2 new bands (Chem3-b36 and Chem3-b39) appeared during steady state. These 2 new bands are affiliated to the same Cluster 6a as the other bacteria, and are even closer to Nitrosomonas oligotropha and N. ureae. During steady state, the major band was Chem3-b34-B.
Effect of dissolved oxygen concentration on N 2 O production
All N 2 O production rates given here were derived from significant linear relationships between N 2 O ) reduced the N 2 O production to very low values compared to production without the inhibitor, confirming that N 2 O produced under the experimental conditions was derived mainly from nitrification (Fig. 2) .
Effect of ammonia and nitrite concentrations on N 2 O production
Our hypothesis that N 2 O production depends on both ammonium and nitrite concentrations was tested in batch cultures at the oxygen concentration that produced maximum N 2 O (1.25 mg O 2 l -1 ) (see Table 2 ). To compare results among different batch cultures, we calculated the nitrifying biomass and determined that biomass in the different batch cultures varied from 0.37 to 0.53 mg C l -1 .
Effect of ammonia
The effect of the 12 ammonia concentrations was tested while supplying nitrite at a constant concentration of 3.18 to 4.3 mg N-NO 2 -l -1
, which was assumed to be non-limiting. The 5 lowest ammonia concentrations led to low N 2 O production (Fig. 6) , with higher variability as shown by the relatively low, statistically significant correlation coefficient (r 2 = 0.65 to 0.84). Note that for oxygenation of 7.5 mg O 2 l -1 with similar ammonia and nitrite concentrations, N 2 O production was close to 0 (data not shown).
When plotted against ammonia concentration, N 2 O production showed a regular increase at low concentration, before reaching a plateau that represented the maximum rate of N 2 O production in the experimental conditions, up to 3.8 µg N-
) (Fig. 6) . Observations could be fitted by hyperbolic curves (Michaëlis-Menten) that illustrated the enzymatic kinetics of N 2 O production, and V max and K parameters were then determined (Fig. 6) . 
Effect of nitrite
Conversely, in a separate set of experiments, ammonia concentration was maintained at saturating values close to 20 mg N-NH 4 + l -1 in order to investigate the effect of nitrite limitation (Fig. 7) . The maximum spe- , and K' NO 2 -ranged from 1 to 4 mg N-NO 2 -l -1 (Fig. 7) . The V maxN 2 O obtained from varying ammonium concentrations (Fig. 6 ) corresponded exactly to half the value of the maximum specific rate measured at the optimal concentration of both nitrite and ammonium, demonstrating that nitrite concentrations between 3.18 and 4.3 mg N-NO 2 -l -1 were not saturating but around the half-saturation concentration (Fig 7) . Interestingly, this maximum specific rate of N 2 O production by AOB (8 to 9 µg N-N 2 O mg C -1 h -1
) is about 100 times lower than the specific rate of ammonium oxidation by AOB under oxic conditions (0.05 mmol N mg C -1 h -1 , i.e. 700 µg N mg C -1 h -1
).
DISCUSSION
Nitrification process in batch and continuous cultures
Due to the large ammonium input in secondarily treated wastewater effluent from Paris , Garnier et al. 2001 , Cébron et al. 2003 , nitrification is a dominant N-transformation process in the lower Seine river and freshwater estuary.
Molecular analysis by DGGE of the AOB community composition showed that the 2 major AOB present in our batch culture were the same as those that dominated in situ (Cébron et al. 2004) , and belonged to Cluster 6a represented by Nitrosomonas oligotropha and N. ureaelike bacteria (Fig. 4) . These same 2 species also dominated continuous cultures; however, at the end of the experiment, 2 other bacteria (Chem3-b36 and Chem3-b39) not previously identified in situ grew in the cultures. On the whole, the nitrifying bacterial community in the (batch or chemostat) cultures can be considered representative of that in situ. The low diversity observed in these culture experiments was probably due to dominance by a small number of species that formed the strongest band on DGGE; rarer species formed weak bands that were hardly discernable. Regardless, this low diversity was in agreement with diversity observed in situ in the Seine river, with dominance by the same species. The non-nitrifying species (Band Chem3-b40-D, see Cébron et al. 2004 ) was detected as a miss-target of the PCR primer set; it subsequently disappeared, indicating selection for a true nitrifying community.
Bacterial cultures always began with a lag phase, followed by rapid ammonium consumption within about 50 h. Observed rates of ammonium oxidation (0.6 to 0.8 mg N-NH 4 + l -1 h -1 ) were much higher than potential nitrifying activities measured for in situ communities , Cébron et al. 2003 . According to Féray (2000) , the specific activities of AOB of the genus Nitrosomonas would range between 0.9 and 5 fmol NO 2 -cell -1 h -1 (12.6 to 70 × 10 -12 mg N-
, losses of N-N 2 O being negligible); therefore, the ammonia oxidizing activities found in our batch cultures would be supported by a bacterial community of 1 to 6.10 10 cells l -1
. Using the classical carbon content of 20 fg C cell -1 , the estimates of nitrifying bacterial biomass converge to a value of 0.2 to 1 mg C l -1 in both batch and continuous cultures; these estimates are in good agreement with values determined by modeling bacterial growth in the cultures (Table 1, Fig 3) . Note that we measured around 0.7 to 2 × 10 8 AOB cells l -1 in the maximum nitrifying bacterial concentration in the upper Seine river estuary (Cebron et al. 2003 (Cebron et al. , 2004 , i.e. 50 to 1000 times less than in our enriched cultures.
N 2 O production by nitrifer-denitrification
Lack of denitrification activity in the continuous culture under aerobic conditions (equilibrated mass balance of nitrogen in the culture, i.e. ammonia consumption equal to the nitrate production), in inhibition tests, , allylthiourea 100 µM and phenylacetylene 5 µg ml -1 ), on NO and N 2 O production from NO 2 -by Nitrosomonas europaea under reduced oxygen conditions (1 kPa of O 2 ) was also reported by Anderson et al. (1993) .
Role of oxygen, ammonium and nitrite
Depending on the ammonia oxidizing species present in the system studied, variable N 2 O production can be observed. For exemple, Jiang & Bakken (1999) demonstrated that, with a pure culture of mixed Nitrospira strains, the level of N 2 O production increased gradually through the first part of the growth period and reached more or less stable levels at 0.2 to 0.3% of ammonia oxidation rates. With single species cultures, e.g. Nitrosomonas europaea and Nitrosospira multiformis, the proportion was higher than 0.5%. We achieved one of our goals -to define the optimal conditions of N 2 O production by natural Seine river freshwater AOB, and quantify N 2 O production levels in such natural mixed communities -which has been previously accomplished for only a few pure culture species.
Oxygen
According to Diab et al. (1993) , oxygen limitation leads to physiological modifications in nitrifying bacteria. The enzyme systems of Nitrosomonas quickly adapt to changing redox conditions. These physiological adaptations can explain the induction of N 2 O production that we observed after 3 h in oxic stress only. In addition, aerobic nitrifiers have been reported to be able to switch from a nitrifying to denitrifying activity under conditions of oxygen stress, with molecular hydrogen, hydroxylamine or organic matter (pyruvate, formate) as electron donors, producing NO, N 2 O and N 2 (Ritchie & Nicholas 1972 , Abeliovich & Vonshak 1992 , Bock et al. 1995 . Further, nitrification in sediment can remain quite high (> 77% of the aerobic activity) after 12 d under oxygen-limited conditions (< 0.1 mg O 2 l -1 ) (Philips et al. 2002) , a finding that confirms that nitrifying bacteria possess an alternative metabolism in low oxygen pressure environment. To our knowledge, while N 2 O production by ammonia oxidizers at low dissolved oxygen concentrations has already been reported for both pure cultures and populations obtained from natural environments, an exploration of N 2 O production between 0.25 and 7.5 mg O 2 l -1 , with short intervals of oxygen concentration in the lower range, has never before been examined for a mixed culture of natural freshwater nitrifying communities.
The peak in N 2 O emission determined for low dissolved oxygen concentrations (between 1.1 and 1.25 mg O 2 l -1
) cannot be compared to other studies, because it is not usually clear whether N 2 O was produced by nitrification, denitrification or other mechanisms, e.g. anammox. After testing 3 dissolved oxygen concentrations (0.5, 1.5, 2.5 mg l -1 ), Jianlong & Ning (2004) determined that optimal conditions for incomplete nitrification to nitrite in an experimental wastewater reactor were: pH = 7.5, dissolved oxygen = 1.5 mg O 2 l -1 , and T = 30°C. Although they did not measure N 2 O production, our results agreed well with theirs if we assume that N 2 O was produced under the same conditions as those leading to incomplete nitrification.
Similarly, in lake sediments, ammonia oxidized to nitrite was further transformed into N 2 O by nitrifierdenitrification at 0.2 to 1.0 mg O 2 l -1 (Downes 1988 ). Further, as nitrite and oxygen compete for electron removal during nitrification, this mechanism can explain the finding by Anderson et al. (1993) that optimum N 2 O production by Nitrosomonas europaea occurs at a partial oxygen pressure of 0.4 kPa (2% air saturation equivalent to 1.68 mg O 2 l -1 ), but that this oxygen effect disappears when nitrite concentrations exceed 0.5 mM (nitrite addition). This is consistent with our conclusion regarding the double role of both oxygen and nitrite in N 2 O production. Finally, the work of Burgess et al. (2002) , which showed that N 2 O production by mixed cultures occurred at oxygen concentrations between 1 and 4 mg l -1 with a higher production at 1 mg l -1 , further supports our results. It is worth noting that according to a number of authors, N 2 O is not the major gas produced by nitrifierdenitrification. Kuai & Verstraete (1998) . This proportion was much higher than ours; we observed about 1 to 2% of N 2 O production with respect to ammonia oxidation, which was closer to the values reported by Kester et al. (1997) . These authors incubated Nitrosomonas europaea at different oxygen saturations and found that about 0.9 and 0.15% of ammonium was converted into NO and N 2 O, respectively, at 80% oxygen saturation (i.e. 6.72 mg O 2 l -1 ), and 2.3 and 0.8% at 1% saturation (i.e. 0.84 mg O 2 l -1 ).
Ammonium
In the environment, particularly in soil, N 2 O is produced by both nitrifier-denitrification and heterotrophic denitrification. Avrahami et al. (2002) estimated that the nitrification contribution to total N 2 O release increased from 25% at low ammonia concentrations (6.5 µg N-NH 4 + g -1 dry weight soil) to 52% at high ammonia concentrations (395 µg N-NH 4 + g -1 dry weight soil). Similar to the hyperbolic representation found here for N 2 O produced as a function of variable ammonium concentrations (for non-limiting nitrite concentration and 1.25 O 2 l -1 ), Burgess et al. (2002) showed that, for activated sludge (0.48 to 3.3 mg N-NH 3 g -1 SPM, 4.9 ± 0.3 mg O 2 l -1 and pH of 7.2-7.5), N 2 O production increased with ammonium concentration and became saturated when ammonium concentration was greater than 1.6 mg N-NH 3 g -1 SPM. In the range of tested ammonium concentrations (0.08 to 16.9 mg N-NH 4 + l -1 ), V N 2 Omax values of 4.0 to 4.3 µg N-N 2 O mg C -1 h -1 would in fact reach 8 to 9 µgN-N 2 O mg C -1 h -1 as nitrite was added to a concentration near the K' N 2 O. N 2 O production would therefore represent 1 to 2% of the specific ammonium oxidation rate at saturating oxygen concentration. We did not observe any inhibition within the tested range; however, high concentrations of free ammonia and free nitrous acid can impede the activity and growth of nitrifying bacteria (Anthonisen et al. 1993 , Hwang & Hanaki 2000 . Whereas specific activities (V maxNH 4 and V maxN 2 O ) differ by a factor of 100, the corresponding half saturation constant (K NH 4 and K' NH 4 ) are closer for both oxidation pathways of the AOB (nitrification and nitrifer denitrification).
Nitrite
In environmental studies, nitrite is often ignored because its concentration is very low in most field conditions (soils, freshwater, marine environments) (Meybeck 1982) . In most studies, nitrite is grouped with nitrate and reported as a combination of NO 3 -and NO 2 -. Furthermore, most studies disregard nitrite as a possible controller of N trace gas emissions (NO and N 2 O), except those by Anderson et al. (1993) and Kester et al. (1997) , who demonstrated that after decreasing aeration, Nitrosomonas europaea emitted large shortlasting peaks of NO and N 2 O in the presence of nitrite, but not in its absence. Discarding the inhibition phase for nitrite concentrations >15 mg N-NO 2 -l -1
, the hyperbolic curve showed that the maximum N 2 O production rate (V maxN 2 O ) varied between 8 and 9 µg N-N 2 O mg C -1 h -1 , exactly as one would expect above at optimal nitrite concentrations. In summary, N 2 O production by AOB accounted for 1 to 2% of their specific activity at low oxygen concentration, with K' NO 2 values ranging from 1 to 4 mg N-NO 2 -l -1
, thus demonstrating a wide range of affinity for the substrate.
CONCLUSIONS
We have provided kinetics formulations and parameters values for the 3 stages of the nitrification process: the 2 known stages of aerobic nitrification (i.e. ammonia oxidation and nitrite oxidation; Brion & Billen 1998 , this study) and for nitrifier-denitrification (this study). In addition, for ammonium and nitrite oxidations under oxic conditions, our simulation of batch and continuous cultures with natural communities of nitrifying bacteria confirmed the range of parameters compiled and determined by Brion & Billen (1998) for pure cultures of AOB and NOB (Table 3) .
Regarding the nitrifier-denitrification at the origin of N 2 O production from ammonia and nitrite consumption, the kinetics and parameter values of N 2 O production were fully described for the first time (i.e. half-saturation constant of 1.5 to 3 mg N l -1 for ammonium, and 1 to 4 mg N l -1 for nitrite; a specific rate of N 2 O production V maxN 2 O of 8 to 9 µg N-N 2 O produced mg C -1 h -1 ). Our study opens the way for future modeling of the processes of nitrification and nitrifier-denitrification in natural environments. In order to simulate N 2 O emission from the Seine river, a next step will be to incorporate the description of these processes into the RIVER-STRAHLER model to simulate N 2 O emission. This model, which describes the ecological functioning of the Seine river, already includes most microbial processes like algal growth, heterotrophic bacterial activity, and denitrification, etc. (Billen & Servais 1989 , Lancelot et al. 1991 , Billen et al. 1994 , Garnier et al. 1995 . Once validated, the model will be used to explore impacts of management measures, like that of tertiary treatment of urban effluents on the nitrification and N 2 O production in the lower Seine river. More generally, the formulation of the process of N 2 O emission could also be applied to other models, i.e. on a global scale where N 2 O emission is often represented by simple statistical relationships (Setzinger & Kroeze 1998 , Bouwman et al. 2002 , which will further increase our understanding of the nitrogen cycle in aquatic environments and improve our quantification of N 2 O emissions.
